A simple and inexpensive synthesis route to produce multi-walled carbon nanotubes (MWCNTs) decorated with CoFe 2 O 4 and Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles using a simplified hydrothermal precipitation is reported. Transmission electron microscopy and X-ray diffraction confirm the formation of 14.9 nm CoFe 2 O 4 and 26 nm Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles on MWCNTs surface. The prepared composite was used for methyl green adsorption. The effects of various parameters, such as temperature, initial dye concentration, and composite dosage, were investigated. Experimental results have shown that the amount of adsorbed dye increased with increasing initial dye concentration, composite dosage, and temperature. The adsorption kinetic data were analyzed using pseudo-first -order, pseudo-second-order, and intraparticle diffusion models. It was found that the pseudo-second-order kinetic model was the most appropriate model in describing the adsorption kinetics. The adsorption isotherms of methyl green onto MWCNTs decorated with CoFe 2 O 4 and Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles were determined at 298, 313, and 323 K. Equilibrium data were fitted to the Langmuir and the Freundlich isotherm models, then the isotherm constants were determined. The equilibrium data were best represented by the Langmuir isotherm model. Thermodynamic parameters such as changes in the free energy of adsorption, enthalpy, entropy, and activation energy were calculated.
Background
Many industries, such as textile, paper, plastic, and dyestuffs, consume substantial amount of water and also use chemicals and dyes to color their products during the manufacturing process [1, 2] . Color is the first contaminant recognized in wastewater, and the presence of very small amounts of dyes in water is highly visible and undesirable [3] . Most of these dyes contain aromatic rings, which make them carcinogenic and mutagenic [4, 5] . Therefore, the removal of dyes is currently of high importance for environmental remediation. Adsorption technology is one of the most effective methods for dye and toxic removal due to its low cost, high efficiency, simplicity, and insensitivity to toxic substances [6, 7] .
Due to their large specific surface area and small, hollow, and layered structures, nanomaterials have recently drawn much attention for dye removal applications. For instance, carbon nanotubes (CNTs) are attracting increasing research interest as promising adsorbents for harmful cations, anions, and other organic and inorganic impurities present in natural sources of water [8] [9] [10] . However, it is difficult to separate CNTs from aqueous solutions because of their small size. There are serious concerns over the health and environmental risks of CNTs once they have been released into the environment [11] . It should be noted that CNTs can enter cells, causing damage to plants, animals, and human beings [12] . Thus, there is potential for CNTs to become another source of environmental contaminant if the use of CNTs is not responsibly managed. Compared with traditional centrifugation and filtration methods, the magnetic separation method is considered as a rapid and effective technique for separating adsorbents from environmental applications [13] .
Magnetic separation technology is a fast and easy method for separating magnetic adsorbents from an aqueous solution. In recent years, magnetic separation technology, combined with the adsorption process, has been widely used for dye removal from wastewaters [14] [15] [16] . To date, only a few studies have been conducted on the adsorption of dyes by magnetic CNTs. Qu et al. have prepared multi-walled carbon nanotubes (MWCNTs) filled with Fe 2 O 3 for removal of methylene blue and neutral red from aqueous solution [17] . Gong et al. have synthesized magnetic MWCNT nanocomposites as adsorbent for the removal of cationic dyes: methylene blue, neutral red, and brilliant cresyl from aqueous solution [18] . Madrakian et al. used magnetic-modified MWCNTs for the removal of cationic dye crystal violet, thionine, janus green B, and methylene blue from water samples [19] .
In the present work, the main purpose is to demonstrate a simple and general procedure for the decoration of MWCNTs with magnetic ferrite (CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 ). The decorated MWCNTs were used and evaluated as possible sorbents for the removal of methyl green from aqueous solution. The effect of methyl green concentration, temperature, and contact time on the adsorption process was investigated. Kinetics and thermodynamics studies have been performed, and the results have been analyzed. Thermodynamic parameters, such as ΔG 0 , ΔH 0 , and ΔS 0 , were calculated.
Results and discussion
Characterizations of synthesized materials Figure 1 shows TEM images of the pure and decorated MWCNTs. Figure 1a shows the morphological structure of MWCNTs where the crystalline tubular structure of nanotubes are observed. It is observed that the nanotubes have clear inner channels with lengths of some microns. Figure 1b displays o which is corresponding to graphite ( Figure 2 ). The crystallite size of CoFe 2 O 4 on MWCNTs surface was calculated using the Scherer equation (Equation 1) [20] .
where λ = 0.154056 nm, Β is the full peak width at half maximum value, and θ is the diffraction angle. It was found that the average crystallite size is about 14.9 nm. XRD patterns of Co 0. 5 Fourier transform infrared spectroscopic analysis of oxidized MWCNTs has been shown in Figure 3 Table 1 . This adsorption isotherm exhibited a type-II shape. It was observed that there was a small closed adsorptiondesorption hysteresis loop with a relative pressure above 0.4, which is suggested to be due to the mesopores with a capillary condensation [21] .
Adsorption of methyl green dye
Effect of adsorbent dosage on adsorption capacity of methyl green
The mechanism of MWCNT adsorption for methyl green dyes may be derived from two reasons: the first reason might be based on the van der Waals interactions occurring between the hexagonally arrayed carbon atoms in the graphite sheet of MWCNTs and the aromatic backbones of the dyes [22] ; the second reason might be due to the electrostatic attraction between the positive cationic dyes and the negative charged MWCNTs adsorbent surface.
It was observed that the percentages of adsorbed dye increased as the decorated MWCNT dosages were increased over the range 0.6 to 1.4 g/L as shown in Figure 5 . The increase in the percentage of the removed dye with an adsorbent dosage can be attributed to an increase in the adsorbent surface, which increased the availability of the adsorption sites.
Effects of dye concentration
The amount of adsorbed dye per unit of decorated MWCNT mass increased as initial dye concentration increased due to the increase in the driving force of the concentration gradient as shown in Figure 6 . The adsorption process at different concentrations was rapid in the initial 30 min then gradually decreased as adsorption proceeded until equilibrium was reached. This progression is expected to be based on the large number of vacant surface sites available for adsorption during the initial stage. After a certain time, the remaining vacant surface sites are difficult to be occupied due to the repulsive forces between dye molecules on the decorated MWCNTs and bulk phases [23] .
Effect of temperature
To study the effect of temperature on the adsorption of methyl green dye onto MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles, the experiments were performed at temperatures of 298, 313, and 323 K as shown in Figure 7 . It was observed that the equilibrium adsorption capacity of methyl green onto both decorated MWCNTs increased with increasing the temperature due to increasing the mobility of dye molecules.
Equilibrium uptake increased with the increasing of methylene blue concentrations at the present experimental range. This is a result of the increase in the driving force from the concentration gradient. In the same conditions, if the concentration of methyl green in the Figure 1 ).
Adsorption isotherms
The quantity of the dye that could be adsorbed over MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles surface is a function of concentration, which could be explained by the adsorption isotherms. In the present study, the Langmuir [24] and Freundlich [25] isotherms are tested for methyl green dye adsorption. The Langmuir adsorption isotherm assumes that adsorption takes place at specific homogeneous sites within the adsorbent. The Langmuir isotherm can be written in this form:
where C e (mg/L) is the equilibrium concentration, q e (mg/g) is the amount of adsorbate adsorbed per unit mass of adsorbate, and q o and K L are the Langmuir constants related to the adsorption capacity and the rate of adsorption, respectively. When C e /q e was plotted against C e , a straight line with slope 1/q 0 was obtained (Figure 8a,c) Table 2 . Another important parameter, R L , is called the separation factor or the equilibrium parameter which is determined from the relation [26] :
where K L is the Langmuir constant (l/mg) and C o (mg/L) is the highest dye concentration. The value of R L indicates the type of the isotherm to be either un- Table 2 ).
The Freundlich isotherm is an empirical equation employed to describe the heterogeneous systems [27] . The Freundlich equation is as follows:
where q e is the amount adsorbed at equilibrium (mg/g) and C e is the equilibrium concentration of methyl green. n and K F are Freundlich constants, n giving an indication of how favorable the adsorption process and
is the adsorption capacity of the adsorbent. The slope 1/n ranging between 0 and 1 is a measure of the adsorption intensity or the surface heterogeneity, becoming more heterogeneous as its value gets closer to 0 [28] . The plot of ln q e versus ln C e (Figure 8b,c) gives straight lines with slope 1/n reflecting that the adsorption of methyl green also follows the Freundlich isotherm. Accordingly, Freundlich constants (K F and n) were calculated and listed in Table 2 .
Kinetics analyses
The kinetic analysis of temperature effect was evaluated. The adsorption capacity increased with the temperature, indicating that the mobility of dye molecules increased with temperature, and the adsorption was endothermic. Additionally, increasing the temperature reduces the viscosity of the solution and increases the diffusion rate of dye molecules.
The pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were adopted to test the experimental data and thereby elucidated the kinetic adsorption process. The pseudo first-order model can be expressed as follows:
where q e and q are the amounts of methyl green adsorbed on MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles at equilibrium and at various times t (mg/g) and k 1 is the rate constant of the pseudo-first-order model for the adsorption (per minute) [29] . The values of q e and k 1 can be determined from the intercept and the slope of the linear plot of ln (q e − q) versus t (Figure 9a,b) . The pseudo-second-order model is as follows:
where q e and q are the amounts of dye adsorbed onto MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles at equilibrium and at various times t (mg/g), and k 2 is the rate constant of the pseudo-second-order model for adsorption (g/mg/min) [29] . The slope and intercept of the linear plot of t/q as a function of t (Figure 9c,d) yielded the values of q e and k 2 . Additionally, the initial adsorption rate h (mg/g/min) can be determined using the equation h = k 2 q 2 e . The adsorption process on porous adsorbents generally has a fourstage bulk diffusion, film diffusion, intraparticle diffusion, and finally, adsorption of the solute onto the surface. Typically, bulk diffusion and adsorption are assumed to be rapid and therefore not rate determining. Since the pseudo-second-order model cannot identify the diffusion mechanism, kinetic results were analyzed using the intraparticle diffusion model to elucidate the diffusion mechanism. Film diffusion was negligible, and intraparticle diffusion was the only rate-controlling step. The intraparticle diffusion model is expressed as follows:
where C is the intercept and k i is the intraparticle diffusion rate constant (mg/g/min 0.5 ), which can be determined from the slope of the linear plot of q versus t 1/2 [30] (Figure 9e,f ) . Table 3 presents the kinetic parameters for the removal of methyl green by MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles. The R 2 value of the pseudo-second-order model exceeded 0.99; moreover, the q value (q e , cal ) derived from the pseudosecond-order model was consistent with the experimental q values (q enexp ). Hence, this study showed that the pseudo-second-order model best represents adsorption kinetics. A similar phenomenon has been observed in the adsorption of Acid Blue 93 by natural sepiolite [31] , and Acid Red 57 by surfactant-modified sepiolite [32] . If the regression of q versus t 1/2 is linear and passes through the origin, intraparticle diffusion is then the sole rate-limiting step [32] . Although the regression was linear, the plot did not pass through the origin ( Table 3 ), indicating that adsorption involved intraparticle diffusion that was not the only ratecontrolling step. Other kinetic mechanisms may control the adsorption rate, which is a similar finding to that obtained from other studies of adsorption [31] . The values of C were helpful in determining the boundary thickness: a larger C value corresponds to a greater boundary layer diffusion effect [33] . The C values increased with the temperature (298 to 323 K), and so, increasing the temperature promoted the boundarylayer diffusion effect.
Adsorption thermodynamics
The thermodynamic parameters, namely free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) have an important role to determine spontaneity and heat change for the adsorption process. Thermodynamic parameters were calculated using the following relations [34] :
where K L is the Langmuir equilibrium constant (L/mol), R is the gas constant (8.314 J/mol/K), and T is the temperature (K). ΔH°and ΔS°parameters can be calculated from the slope and intercept of the plot ln K L versus 1/T. From Equation 10, ΔG°was calculated using ln K L values for different temperatures. Results are summarized in Table 4 . It can be seen that ΔG°values at temperatures 298, 313, and 323 K are negative. Hence, the adsorption process was a spontaneous process. The decrease in ΔG°value with the increase of temperature indicates the efficient adsorption at higher temperature. The positive ΔH°value reflected that the adsorption process is endothermic, and there is a strong interaction between MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles and methyl green. Since methyl green ions travel through solution and reach the adsorption sites, it is necessary for them to be stripped out (at least partially) of their hydration shell, that requires energy input. Thus, the positive value of ΔH°indicates that the adsorption is increasing with temperature. Moreover, the positive value of ΔS°indicates that the degrees of freedom increased at the solid-liquid interface during the adsorption of methyl green onto MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles and reflected the affinity of the composite toward methyl green ions in aqueous solutions [35] .
The pseudo-second-order model was identified as the best kinetic model for the adsorption of methyl green onto MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles. Accordingly, the rate constants (k 2 ) of the pseudo-second-order model were adopted to calculate the activation energy of the adsorption process using the Arrhenius equation [36] :
where k 2 , A, E a , R, and T are the rate constant of the pseudo-second-order model (g/mg/min), the Arrhenius factor, the activation energy (kJ/mol), the gas constant (8.314 J/mol/K), and the temperature (K), respectively. The activation energy could be determined from the slope of the plot of ln(k 2 ) versus 1/T (Table 4) . Nollet et al. [37] mentioned that the physisorption process normally had activation energy of 5 to 40 kJ/mol, while chemisorption had higher activation energy (40 to 800 kJ/mol). Therefore, ΔH°, ΔG°, and E a values confirm that the adsorption of methyl green onto MWCNTs decorated with CoFe 2 O 4 or Co 0.5 Ni 0.5 Fe 2 O 4 nanoparticles was a physisorption process. Lazaridis and Asouhidou [38] stated that in a diffusion-controlled process, the activation energy of adsorption was less than 25 to 30 kJ/mol. Based on the results of activation energy and the intraparticle diffusion model (Table 4 and Figure 9e ,f ), this study proposes that the adsorption involved intraparticle diffusion, that was not the only rate-controlling step, and the other kinetic models might control the adsorption rate. The synthesized and decorated MWCNTs were characterized by powder XRD analysis (D8 Advance, Bruker AXS, Inc, Madison, WI, USA), transmission electron microscopy (TEM, Jeol JEM-1230, Akishima-shi, Japan), and FTIR (JASCO 410, Mary's Court Easton, MD, USA). The BET surface area was determined from adsorption isotherms using a Quantachrome NOVA automated gas sorption system report.
Conclusions

Dye adsorption experiments
For studying the effect of dye concentration on the adsorption process equal volumes, 50 ml of various methyl green dye concentrations, were taken in number of 250-ml beakers. Definite weight of the adsorbent materials (CoFe 2 O 4 /MWCNTs or Co 0.5 Ni 0.5 Fe 2 O 4 /MWCNTs) was added in each beaker and shacked well. At different interval times, 5 ml of the sample solution was withdrawn and the change in characteristic absorption at the specific beaks was measured using an ultraviolet-visible (UV-vis) spectrophotometer (Jasco 530), from which the concentration of dye was inferred.
For evaluation, the effect of adsorbent materials concentration on the adsorption process equal volumes, 50 ml of definite methyl green dye concentrations, were taken in a number of 250-ml beakers. Different weights of the adsorbent materials were added in each beaker and shacked well. At different interval times, 5 ml of the sample solution was withdrawn and the change in characteristic absorption at the specific peaks was measured using an UV-vis spectrophotometer (Jasco 530), from which the concentration of dyes was inferred.
For identifying the adsorption isotherm and kinetics adsorption experiments were performed using 250-ml glass bottles, specific amount of the adsorbent materials were inserted into the bottles along with 50 ml of the methyl green dye solutions. The initial concentration of the dye (C 0 ) was varied from 50 to 400 mg/L. The glass bottles were sealed and placed within a temperature control box to maintain water temperature. Temperatures that were studied include 298, 313, and 333 K. At the end of the equilibrium period, the suspensions were separated for later analysis of the dye concentration. The amount of dye adsorption at equilibrium q e (mg/g) was calculated from the following equation:
where C 0 and C e (mg/L) are the liquid-phase concentrations of methyl green dye at initial and equilibrium, respectively. V (L) is the volume of the solution, and W (g) is the mass of the used adsorbent. The concentration of the dye before and after adsorption was determined using a spectrophotometer (Jasco 530).
Kinetic experimental procedures were identical to the equilibrium tests. The effect of contact time on the amount of adsorbed methyl green dye was investigated at specific initial dye concentration and at varying temperatures (298, 313, and 333 K). The amounts of adsorbed dye on the adsorbent materials at any time, t, were calculated from the concentrations in solutions before and after adsorption. At any time, the amount of adsorbed dye (mg/g) onto the adsorbent materials was calculated from the mass balance equation as follows:
where q t is the amount of adsorbed dye on the adsorbent materials at any time (mg/g); C 0 and C t are the initial and liquid-phase concentrations of dye at any time (mg/L), respectively; V (L) is the volume of dye solution, and W (g) is the mass of the adsorbent materials.
